Molybdenum nanocrystalline powder particles using electric blasting circuit method after molybdenum circuit destruction were formed. During this process the separate molybdenum-containing particles as products of the explosion reaction with each other and getting thinner during the cooling stage were combining. Their surface is partially oxygenated in argon (Ar) with air addition atmosphere. When cooling is finished the size distribution of the particles had three-modal profile, the most of the particles had 120 nm diameter according to electronic microscope data. Oxygenated structures were not observed. Nanopowders were further mixed with sodium-chloride powder (in 5 and 10 mass % concentration) for further activation and pressing into dense tablets. These compact tablets in the nuclear reactor for the radioisotope production are supposed to be irradiated.
Inroduction
Nanotechnolology is likely to have a profound impact on economy and society comparable to that of semiconductor. Production of the medical radioisotopes is a very complicated process. Mo-99 is generally produced from high-enriched uranium (HEU) materials, with mass share of U-235 approx. 90%. Targets of such materials are irradiated in nuclear reactors and fission products of the decay process from the reactor are separated. Then the prior isotope using radiochemistry methods in hot cells is extracted. Chemical extraction leaves a great amount of dangerous radioactive wastes, containing uranium of weapon-quality. That's why the development of new production methods without using HEU materials is very important.
A new method of high-specific activity carrier-free Mo-99 production based on the usage of structured nanoparticles of molybdenum or its compounds is proposed by Chuvilin et al.(2013) . Such method allows to reject HEU materials in standard sorption 99 Mo/ 99m Tc-generators production technology and to completely dispose from uranium radioactive wastes. This method brings new opportunities to produce high-quality Mo-99 suitable for all medical demands in an easier and more advantageous way.
Radioactive activation of Mo-98 targets in 98 Mo(n,γ) 99 Mo reaction provides a lot of advantages. The raw materials for this technology are not very expensive which leads to decrease of the money investment required. Absence of long-living radioactive wastes means less strict and complicated safety conditions for the chemical extraction process. The development of such alternative methods is carried out for a long time. By Radchenko et al. (2011) suggested to use high-melting and high-temperature stable molybdenum compounds as raw materials for the targets. The size of the particles in such materials is approx. 100 nm. The radiation process is carried in the nuclear reactor in 10 14 sm -2 s -1 flux during 7-15 days. Mo-99 isotope is taken from the external surface by diluting particles in the acid or alkali compound. Presence of Mo-99 happens due to Szilard-Chalmers effect when the nuclei comes into the exited state after the neutron capture and during radiation of γ-quant it radiates recoil energy E 0~3 0 100 eV. Recoil energy is much bigger than the energy of chemical bond of the atom in the crystal structure. According to by Radchenko et al. (2011) the optimal size of the structured particles (d) lies beneath 5 to 100 nm: if d<5 then the most of the powder particles washes out in the solution, if d>100 nm the yield of Mo-99 is highly decreasing. The general negative side of the method by Radchenko et al. (2011) is low specific activity of Mo-99 (~1 Ci/g), which is considerably less than in fission method (~10 5 Ci/g). Besides, when the surface is dissolved the huge amount of raw material, containing stable natural molybdenum, comes into the solution.
This negative feature of could be avoided by Menshikov et al. (2013) if molybdenum nanoparticles are regularly situated in the buffer (inactive matrix). In this case some amount (W es ) of Mo-99 recoil atoms leaves the nanoparticle body and is fixated in the structure of such matrix. After accumulation of the required amount of Mo-99 this buffer is separated from the nanoparticles and sent for further radiochemical processing of Mo-99. Nanoparticles extracted from the matrix for new targets construction can be re-used.
This paper describes the method of oxygenated molybdenum nanocrystalline powder production and its certification (crystals and particles typical size investigation, compound characterization). We also describe the procedure of mixing molybdenum crystalline powder with inactive buffer matrix (sodium chloride NaCl) and further compression of acquired mixture into special tablets suitable for irradiation in nuclear reactor.
Materials and methods
Wire electrical explosion (WEE) method for molybdenum crystalline powder production was used by Il'in et al. (2012) . This method is characterized with short period of time required for the whole process, high power rates (10 13 Wt/kg), high dispersion speed of the products (1-5 km/s). When the wire is destructed, processes of liquid metal dispersing and its vaporizing with further condensation take place simultaneously. The dispersing speed and amount of vaporized metal particles depend on the energy supplied to the wire. Such radical conditions allow creating materials in non-equilibrium nanostructured state.
Molybdenum nanocrystalline powder was produced on the UDP 4 facility ( fig. 1 ) in present conditions and parameters: charging voltage of the high-voltage power source (U 0 ) -12.4 V; battery capacity (C) -2.25 μF; circuit inductance(L) -0.04 μH; exploding wire length (l) -60 mm; exploding wire diameter (d) -0.3 mm; specific energy rate supplied (E/E s ) -0.61; specific energy rate of electric arc (E a /E s ) -0.61; argon (Ar) atmosphere, pressure 1.5·10
5 Pa. Certification of the parameters of nanocrystalline powder and tablets, structured with these powders, was carried out with the complex of special devices by Petrunin (2014) . Desktop X-ray difractometer Difray 401 (Russia) was used to determine phase compound of powder samples and tablets and also for the particle size determination. Highperformance automatic surface area analyzer NOVA was used to determine porosity and to characterize surface of different materials. PhotoCor Complex 1 spectrometer to determine particle size by measuring diffusion coefficient, dynamical light scattering and correlation analysis of scatter light intensity was used. Fig. 1 . The principle scheme of installation UDP-4: 1 -high-voltage power source, 2 -capacitor battery, 3 -wire driving mechanism, 4 -exploding wire, 5 -high-voltage electrode, 6 -commutator, 7 -powder collector, 8 -gas circulation system, 9 -explosion chamber, 10 -gas supply system. NaCl powder was chosen as an inert matrix because it can be easily dissolved in the water or other solvents after irradiation. Mixtures of common NaCl salt labeled EXTRA and molybdenum nanocrystalline powder with its weight concentration 5% (and 95% NaCl) and 10% (and 90% NaCl) were made. Special mixer device "Vibrotechnik" C 2.0 was used to provide a regular mixture of the components during 1 hour mixing in 20 Hz regime. Packing tablets from Mo-NaCl mixture powder was held on the PIKE CrushIR (USA manufacture) pressure device. Pressuring was held on a special platform diameter 9 mm with 180 MPa for 3 minutes. Before the pressuring the platform was cleaned with Zn-stearate.
Results and Discussion
Phase compound and size of the powders and tablets particles were determined by X-ray data achieved on Difray 401 facility. According to X-ray data (Fig. 2) were not observed. We suppose oxygen forms solid compounds of a very small size. Surface oxygenated forms which were additionally investigated with X-ray diffraction analysis methods, were also not observed: oxygenated thin layer was 2 to 10 nm and didn't have long-range ordered structure. Oxides composition on the particles surface was investigated with electron microscope (Jeol-840) with element analyzer (manufactured by Link). This facility realized method of X-ray photoelectron spectroscopy: molybdenum and oxygen atoms content in nanoparticles surface was analyzed and atomic composition by correspondence of the atoms was determined.
Layer-by-layer argon plasma pickling method of atomic composition investigation showed that ration between molybdenum and oxygen atoms in particles external surface is 1.0 : 3.6. Amount of oxygen was decreasing after pickling: 1.0:3.1; 1.0:2.8; 1.0:2.0; 1.0:1.1; 1.0:0.6 to 1.0:0.0. Nitrogen (0.09) and water (0.2) were also observed on the surface.
X-ray diagrams data allowed to calculate the size of nanocrystaliite in molybdenum powder -it is 140±10 nm. According to electron microscope data ( fig. 3 ) produced molybdenum powders have three-modal distribution of diameter magnitudes, which is common for every powders produced by WEE method due to particular mechanism of wire explosion and further cooling of the primary reaction products [2] . First maximum relates to diameter of 0.11…0.12; second -0.6…0.9; third -3…8 μm.
According to electron microscopy photos of molybdenum powders it was found that products of WEE of molybdenum wires are powders of spherical particles. It was also found that among the particles of micro-sizes were several particles with diameter less than 100 nm. Nano-sized particles covered the surface of bigger particles and formed individual agglomerations.
Measurement of particles sizes on PhotoCor Complex 1 was carried out for 20 minutes. Powder was reacted with isopropyl alcohol and irradiated by ultrasonic with 22 kHz frequency during 1 minute. Then 20 independent measurements were made during 20 minutes. The mean hydrodynamic radius of aggregate was R mean = 210±10 nm Produced tablets had cylindrical form. Height of the tablet was measured with caliper 0.05 mm precision, its diameter was equal to the diameter of the platform and was 9 mm. Weight of the tablet was measured on VIBRA HT scales with 0.001 g precision. The density was calculated as in =m/V. Tablets which were produced from Mo and NaCl mixture powder 1 (5% Mo, 95% NaCl) had density =2.2±0.1 g/cm 3 . Tablets made of Mo and NaCl mixture powder 2 (10% Mo, 90% NaCl) had density =2.3±0.1 g/cm 3 . Surface area measurement made on NOVA 1000e analyzer showed that specific surface area for powder sample 1 S spec1 = 2.1±0.1 m 2 /g and for powder sample 2 S spec2 = 1.4±0.1 m 2 /g.
Conclusion
Molybdenum nanocrystalline powder particles were formed using wire electrical explosion method after molybdenum wire destruction. During this process the separate molybdenum-containing particles as products of the explosion reaction are combining with each other and getting thinner during the cooling stage. Their surface is partially oxygenated in argon (Ar) with air addition atmosphere. When cooling is finished the size distribution of the particles has three-modal profile, the most of the particles had 120 nm diameter according to electronic microscope data which is equal to the size of the crystallite within the limits of errors. Oxygenated structures were not observed.
Produced molybdenum powders were mixed with salt NaCl powder (in 5 and 10 mass % concentration) and pressured into dense ( =2.2±0.1 and 2.3±0.1 g/m 3 respectively) tablets for further irradiation in the nuclear reactor.
